Background-Scar heterogeneity identified with contrast-enhanced cardiac magnetic resonance (CE-CMR) has been related to its arrhythmogenic potential by using different algorithms. The purpose of the study was to identify the algorithm that best fits with the electroanatomic voltage maps (EAM) to guide ventricular tachycardia (VT) ablation. Methods and Results-Three-dimensional scar reconstructions from preprocedural CE-CMR study at 3T were obtained and compared with EAMs of 10 ischemic patients submitted for a VT ablation. Three-dimensional scar reconstructions were created for the core (3D-CORE) and border zone (3D-BZ), applying cutoff values of 50%, 60%, and 70% of the maximum pixel signal intensity to discriminate between core and BZ. The left ventricular cavity from CE-CMR (3D-LV) was merged with the EAM, and the 3D-CORE and 3D-BZ were compared with the corresponding EAM areas defined with standard cutoff voltage values. The best match was obtained when a cutoff value of 60% of the maximum pixel signal intensity was used, both for core (r 2 ϭ0.827; PϽ0.001) and BZ (r 2 ϭ0.511; Pϭ0.020), identifying 69% of conducting channels (CC) observed in the EAM. Matching improved when only the subendocardial half of the wall was segmented (CORE: r 2 ϭ0.808; PϽ0.001 and BZ: r 2 ϭ0.485; Pϭ0.025), identifying 81% of CC. When comparing the location of each bipolar voltage intracardiac electrogram with respect to the 3D CE-CMR-derived structures, a Cohen coefficient of 0.70 was obtained. Conclusions-Scar characterization by means of high resolution CE-CMR resembles that of EAM and can be integrated into the CARTO system to guide VT ablation. (Circ Arrhythm Electrophysiol. 2011;4:674-683.)
M ost ventricular tachycardia (VT) episodes in patients with structural heart disease are related to a myocardial scar, even in cases of a focal origin. 1 In these patients, electroanatomic mapping (EAM) is commonly used and helpful in guiding the ablation procedure. Through a colorcoded display of the intracardiac electrogram (EG), EAM systems allow depiction of cardiac anatomy and myocardial integrity using 3D maps of the cardiac chambers. Areas of interest show reduced EG amplitude in voltage maps and are considered a surrogate of myocardial scar. 2, 3 An accurate high-density map of low voltage areas is key in identifying slow conduction zones inside the scar, also called conducting channels (CC). These CC display a higher voltage amplitude than the surrounding area and are the target for ablation in scar-related VTs. 4 However, point-by-point mapping is cumbersome, requires considerable skill, and is highly time-consuming.
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Depiction, quantification, and characterization of scar heterogeneity with contrast-enhanced cardiac magnetic resonance (CE-CMR) has been demonstrated to have predictive value for ventricular arrhythmia inducibility and clinical events during follow-up [5] [6] [7] and has a good correlation with histology in animal models as well. 8 It also has been suggested that integration of scar depiction by CE-CMR into the EAM system could be of value in guiding the VT ablation procedure. 9, 10 However, feasibility of the real-time integration of scar components, infarct core (CORE) and border zone (BZ), into the navigation system to facilitate CC identification has not been tested yet. Most CE-CMR techniques are limited by insufficient spatial resolution or incomplete left ventricular (LV) coverage during acquisition, leading to partial volume effect and shifting artifacts between slices that preclude appropriate 3D reconstruction and integration into the EAM system. The purpose of the study was to develop the postprocessing tools to permit scar tissue segmentation, characterization, and integration into the EAM, based on a free-breathing, navigator-gated, high spatial resolution CE-CMR technique. Given that EG analysis is currently the gold standard in guiding the VT ablation, we aimed at defining the best correlation between CE-CMR and bipolar voltage maps for scar tissue characterization.
Methods

Patient Population
In our institution, patients with recurrent clinical VT are enrolled in an ongoing study to evaluate the usefulness of a preprocedure CE-CMR in guiding the VT ablation procedure. The local ethics committee approved the study protocol and all included patients signed the informed consent. We prospectively included 12 consecutive patients older than 18 years with documented myocardial infarction who had recurrent VT and for whom a 3T CE-CMR study was available. We excluded carriers of implantable devices as well as subjects with other classical contraindications to CE-CMR.
CE-CMR Acquisition Protocol
All subjects underwent CE-CMR examination at a mean of 3Ϯ2 days before the VT ablation procedure using a 3T clinical scanner (Magnetom Trio, Siemens Healthcare) equipped with advanced cardiac software and a dedicated cardiac 12-element phased array coil. Seven minutes after intravenous administration of gadodiamide-DTPA (Omniscan, Amersham Health) at a dose of 0.2 mmol/kg, a whole-heart, high spatial resolution, delayed-enhanced study was conducted using a commercially available free-breathing, navigatorgated, 3D inversion-recovery, gradient echo technique. 11, 12 The 3D slab was acquired in the transaxial direction, with a 256ϫ256 pixels matrix size and minimized field of view. A Cartesian trajectory was used to fill the k-space and the phase-encoding (y) direction was anteroposterior. The acquired voxel size was adjusted to achieve an isotropic spatial resolution of 1.4ϫ1.4ϫ1.4 mm. A set of images was reconstructed in the LV short-axis orientation with 1.4-mm slice thickness (typically 50 -70 images) for subsequent image processing. The mean acquisition time was 18Ϯ9 minutes, depending mainly on the breathing pattern and the presence of arrhythmias during the study. To compensate for the expected long acquisition time, we added 30 ms to the nominal value necessary to null normal myocardium as derived from a TI-scout sequence, typically at 320 ms. Other typical sequence parameters were as follows: repetition time, 2.6 ms; echo time, 0.9 ms; flip angle, 15°; bandwidth, 810 Hz/pixel; and 51 k-space lines filled per heartbeat. Image acquisition was ECG gated to end-diastole to minimize cardiac motion. Respiratory synchronization was performed for every other heartbeat using a crossed-pair navigator approach. The dataset was acquired during expiration and generalized autocalibrating partially parallel acquisition (GRAPPA); an acceleration factor of 2 was used to speed up data acquisition. The scan could not be completed in 1 patient with claustrophobia. Another patient had an irregular breathing pattern resulting in an image quality too poor to be postprocessed. In the remaining 10 patients the image quality was adequate.
CE-CMR Image Processing
The reformatted slab in the short-axis orientation was exported into DICOM format. Images were processed with a self-customized software (TCTK, Tissue Characterization Tool Kit, Barcelona) based on MATLAB (The MathWorks, Natick, MA). Briefly, an experienced operator manually outlined the endocardial border of the LV in all sequential short-axis slices to generate a dataset of the anatomy of the LV cavity. Then the scar was roughly outlined, and an automatic discriminator algorithm was applied to the scar region, defining 3 types of tissue-CORE, BZ, and healthy myocardium-to obtain a second dataset corresponding to the scar region.
The algorithm uses an automatic method based on an adjustable percentage of the maximum voxel signal intensity (MSI) of the scar region to define the threshold between the CORE and the BZ. In previous studies, the threshold was set at 50% of the MSI. 5, 8 In the present study, 3 different cutoff values were analyzed: 50, 60, and 70. Three distinct datasets were obtained for each patient (50% MSI, 60% MSI, and 70% MSI). Figure 1 shows an example of the images obtained with the different algorithms applied to a CE-CMR image. Similarly, based on previous studies, 5, 7 the threshold between the BZ and the healthy myocardium was defined as two-thirds of the threshold between CORE and BZ. Voxels with signal intensity (SI) between the MSI and the CORE-BZ threshold are labeled as CORE. Similarly, voxels with SI between the CORE-BZ and BZ-healthy myocardium thresholds are labeled as BZ. Afterward, voxels considered as CORE and BZ are assigned a different and known SI (eg, 2000 and 2500). Voxels from other areas remain at their original SI. All sets of images are then exported into DICOM format and imported into the CARTO system (Biosense Webster, Diamond Bar, CA) before beginning the electrophysiological study. Using the CartoMerge module, the LV anatomy is segmented and exported. Using the voxel intensity filters of this module and setting them to only obtain voxels with known SI (eg, 2000 for CORE and 2500 for BZ), it is possible to obtain the 3D-CORE and 3D-BZ structures.
Electrophysiological Study and Substrate Mapping
A dose of 10 mg diazepam was administered before the electrophysiology procedure. The VT ablation procedure was performed under intravenous conscious sedation using midazolam and a perfusion of fentanyl. A multipolar diagnostic catheter was positioned at the right ventricular (RV) apex, and electrophysiology testing was performed at the beginning of the procedure. A programmed RV stimulation with basal trains (600 -500 -430) and up to 3 ventricular extrastimuli until refractory period or 200 ms and burst pacing was used for VT induction. The stimulation protocol continued until completed or clinical VT was induced. VT was then stopped, and an LV substrate map was obtained. A transseptal access was performed in all cases, and a steerable introducer (Agilis Sheet, St Jude Medical Inc, St Paul, MN) was used to facilitate endocardial mapping maneuvers. An endocardial high-density 3D electroanatomic bipolar voltage map of the LV was obtained during stable sinus rhythm using the CARTO system. All induced VTs were targeted. The same RV stimulation protocol was used to test for acute results after ablation.
Scar Area Measurement
Three LV landmarks were coregistered in the CE-CMR and EAM datasets: the LV apex, mitral annulus, and the aortic annulus. A map of the aorta or the RV was obtained for registration purposes to avoid a long axis rotation between the 3D-LV shell and the EAM. After landmark fitting, a more precise surface adjustment was made. Manual adjustment was allowed, and a slight rotation and/or displacement to match the LV CE-CMR shell with the LV EAM was required in 3 cases. We used standard voltage thresholds to define the scar on EAM: Ͻ0.5 mV for the CORE and 0.5-1.5 mV for the BZ.
To account for mismatch registration driven by the inner position of some points of the EAM, it was projected over the CE-CMRderived 3D-LV dataset, and the projected areas of CORE and BZ were then measured ( Figure 2 ). 
Subendocardial Scar Area Measurement
Because endocardial bipolar voltage maps only accurately reflect myocardial activation of the subendocardium, an additional analysis was performed of the CE-CMR data, restricted to the endocardial half of the entire left LV wall (epicardial half in 1 case). The algorithm applied was the one that obtained the best match with the full myocardial thickness.
Electrogram Location
The location of every EG with respect to the 3D CE-CMR-derived scar structures, using the best threshold, was analyzed. Location and bipolar voltage were categorized in CORE, BZ, and healthy tissue.
CC Identification
CCs were identified on the EAM by means of voltage criteria (a corridor of BZ surrounded by voltage areas Ͻ0.5 mV and connected by al least 2 sites to the healthy myocardium). For each CC, the following data were collected and analyzed using dual-observer methodology: (1) location based on the 17-segment classification, (2) identification of CC on the CE-CMR-derived scar structures, (3) orientation (parallel to short or long axis), (4) matching between the surface ECG morphology obtained with pace mapping in the CC exit and the clinical VT, (5) radiofrequency ablation on the CC, and (6) the relationship between the CC and clinical VT. CC on the MRI was considered in the presence of (1) a corridor of BZ surrounded by CORE tissue or CORE plus mitral annulus and (2) a connection to the healthy tissue by at least 2 sites. Discrepancy was resolved by the intervention of a third observer.
Statistical Analysis
Analysis was performed using SPSS 16.0 software (SPSS Inc, Chicago, IL). Continuous variables are presented as meanϮSD or median (interquartile rank), unless otherwise specified. The relationship between EAM and CE-CMR areas was assessed by Pearson correlation and Bland-Altman analysis. Single measures were obtained from all patients to perform the regression analysis. A Cohen coefficient was calculated to evaluate the agreement between the 
Results
Ten patients were included. Patient demographics are described in Table 1 . The median procedure time was 205.0 (126.5-217.5) minutes, and the median number of points collected per EAM was 467.5 (300.0 -553.3). The median number of ablation lesions and radiofrequency time was 11.0 (7.5-23.5) and 319.0 (233.0 -692.0) seconds, respectively. The median fluoroscopy time was 13.0 (9.8 -27.5) minutes. Of the 10 patients, 9 had inducible VTs during the stimulation protocol. In total, 10 different VTs were induced in these patients, and in 1 case an epicardial approach was necessary. Noninducibility of the clinical VT or any other VT was achieved in all and 90% of cases, respectively. In 6 (60%) patients, an implantable cardioverter-defibrillator (ICD) was implanted after the procedure. Three patients who did not undergo ICD implantation had well-tolerated VTs and preserved systolic function. One patient did not undergo ICD implantation because of a low life expectancy and comorbidities criteria. After the VT ablation, all patients continued on treatment with ␤-blockers, and 1 patient was still inducible and was treated with amiodarone. Patients with and without ICD were followed every 6 months. During a follow-up of 14.5 (11.8 -17.0) months, none of the patients had VT recurrences.
Scar Analysis Results
The mean distance between the surface of the LV EAM and the surface of the 3D-LV endocardial shell after landmark and surface registration was 3.41Ϯ2.86 mm.
The total number of endocardial points acquired was 4364, with 1108 (25.4%) being location-only. The number of EGs with a voltage Յ0.5 mV was 778 (17.8%); 1103 points (25.3%) had a 0.5-1.5 mV, and 1375 points (31.5%) had Ͼ1.5 mV.
The mean density of points taken in the BZ, CORE and healthy tissue was 11.0Ϯ8.9, 5.1Ϯ1.8, and 1.1Ϯ0.5 points per cm 2 , respectively. Assuming an equidistant distribution of points, the area resolution for the BZ and CORE was 0.09 and 0.20 cm 2 , respectively. The mean difference in areas obtained using an intensity threshold of 50% to 60% was Ϫ9.6Ϯ6.9 cm 2 for CORE and 8.9Ϯ7.3 cm 2 for BZ. Increasing the intensity threshold from 60% to 70%, the mean difference between areas was Ϫ11.9Ϯ9.5 cm 2 for CORE and 10.74Ϯ8.6 cm 2 for BZ. Therefore, changes in the area size from CE-CMR could be detected with the EAM area resolution. Table 2 shows the agreement between the EAM and CE-CMR in defining CORE and BZ, and Figure 3 shows the comparison between the different regression lines obtained for each cutoff value. The MSI cutoff value of 60% yielded the highest correlation between EAM and CE-CMR areas to discriminate between CORE and BZ (r 2 ϭ0.827; PϽ0.001). Figure 4 shows the Bland-Altman analysis between EAM and CE-CMR for the CORE and BZ with cutoff values of 60% and 70% MSI. The MSI cutoff value of 60% showed the best agreement for both CORE and BZ. The disagreement between Bland-Altman and regression analysis of the BZ using a cutoff value of 60% MSI can be explained by an outlier situated at the extreme of the regression line ( Figure 4A2 ). That case penalizes the slope of the regression line dramatically, due to the limited number of cases analyzed.
The agreement improved when only the subendocardial half-wall of the LV from the CE-CMR images was analyzed ( Table 2 ). In 3 patients (30%), the scar was completely subendocardial and therefore there were no differences with the whole wall segmentation for scar area measurements. However, the global result of this method was a slight improvement, with less than 10% difference between 3D-CORE surface scar areas and that of the EAM.
The mean CORE/BZ area ratio on the EAM was 1.30Ϯ0.86. Using 50%, 60%, and 70% of MSI, the mean CORE/BZ area ratio was 10.32Ϯ9.53, 1.96Ϯ0.80, and 0.59Ϯ0.28, respectively. The best mean CORE/BZ area ratio similarity was obtained when a threshold of 60% of MSI was used and only the subendocardial half-wall was considered (1.66Ϯ0.96). Table 3 shows the EG location agreement analysis. A Cohen coefficient of 0.70 was obtained. Bipolar voltage EGs Ͻ0.5 had the best location agreement with the 3D-CORE. A significant disagreement was found for bipolar voltage EGs between 0.5 and 1.5 mV, with 21.7% located on 3D-CORE, which was probably due to a far-field effect. Table 4 shows the results of this analysis. Of the 16 CC observed in the EAM, 13 (81%) could be identified on the 3D CE-CMR-derived scar reconstruction when the cutoff value of 60% MSI was used and only the half-subendocardial wall was considered. Using the cutoff values of 50%, 60%, and 70%, 7 (44%), 11 (69%), and 9 (56%) CC were observed, respectively. Eleven CC observed in the EAM (69%) were related to clinical VTs, and all of them were ablated.
Electrogram Location Agreement
CC Identification
A representative 3D EAM and processed CE-CMR 3D image for each case is shown in Figure 5 . A good correspondence between both methods can be observed for both CORE and BZ shape and location as well as for CC identification. 
Discussion
The present study proves that accurate 3D scar tissue characterization can be achieved by means of CE-CMR. In addition, different scar components can be integrated online into the CARTO navigation system. Using image registration we identified the algorithm obtaining the best agreement between CE-CMR and EAM to define the CORE and BZ, therefore allowing CC depiction. These preliminary results are the basis for further attempts to use CE-CMR-derived data to guide VT ablation procedures. A large body of evidence exists showing that substrate mapping is a good guide to perform VT ablation proce-dures. [13] [14] [15] During substrate mapping, bipolar voltage maps are considered a surrogate of myocardial characterization and standard cutoff values of Ͻ0.5 mV and Ͻ1.5 mV are commonly used to identify the dense scar (CORE) and the intermediate viable BZ, respectively. 13 The bipolar voltage maps obtained with these criteria have been demonstrated to be useful in identifying CC in the setting of ischemic cardiomyopathy and these CC are an appropriate target for VT ablation. 4 However, scar characterization by means of EAM is time-consuming and requires considerable skill and effort. Alternatively, methods such as nuclear perfusion imaging or CE-CMR have been proposed for scar charac- terization. In this regard, CE-CMR offers better spatial resolution, making the technique best suited for this purpose. Despite the exquisite scar depiction and histological precision shown in animal studies, 16 the truth is that image quality remains an issue when the technique has been applied in the clinical arena. Several factors are responsible for this. Partial-volume effects on the standard thickness short-axis slices can lead to overestimation of BZ areas. 17 In addition, multiple breath-holds are needed when using classic fast low-angle shot (FLASH) segmented inversion recovery techniques that cause shifting of artifacts between slices. 18 Multislice acquisition using subsecond inversion recovery steady-state free-precession sequences can overcome this problem, but these techniques are also hampered by insufficient spatial resolution 19 and limited signal-to-noise ratio at 1.5 T. It has been shown that the best correlation between the total scar area from CE-CMR and CARTO bipolar maps is obtained with a cutoff value of 1.5 mV. However, a mismatch of 20% between the infarct surfaces was observed in onethird of cases, mainly at LV basal positions. 9 Possible reasons explaining this discrepancy were a lack of good catheter contact and stability using the transaortic approach, with the consequent acquisition of erroneous EGs and low density of recorded points. In the present study, a transseptal access to the LV cavity, the use of a steerable introducer, and the high-density maps obtained might have contributed to achieving the good correlation between scar component areas derived from CE-CMR and EAMs.
Another source for discrepancy relies on the definition of scar tissue used for CE-CMR analysis. Some algorithms have been proposed to measure infarct size from the CE-CMR images, which have been validated against histology as the gold standard. 8 The CE-CMR-derived scar also has been compared with EAM, using the full-width half-maximum algorithm previously validated. 10 In that study, a bipolar voltage threshold of 1.5 mV to define scar resulted in 29% more mismatched points as compared with the CE-CMR data. The low spatial resolution of the CE-CMR technique applied might have accounted for this discrepancy. In the present study, a high-density EAM as well as a high spatial resolution CE-CMR technique were used to minimize these effects. Despite this, we found a mean difference of 4.3 cm 2 for the CORE area using the best cutoff value (see Table 2 ). However, a bipolar voltage location agreement Ͼ85% between EGs Ͻ0.5 mV and its location on the 3D-CORE structures was obtained. This good matching of CORE area allowed for precise CC identification inside the scar. Therefore, critical sites for radiofrequency application also can be identified.
Image Integration
An accurate registration between the endocardial LV shell and the 3D EAM should be the first step to compare scar areas. The registration error for ventricular chambers in the present study was slightly lower than that in previously published studies, 20 probably reflecting the improvement in spatial resolution achieved with both the EAM and CE-CMR images. The final positional error was estimated by the EG location agreement and CC identification and permitted identifying the vast majority of CC with the appropriate settings.
CORE Versus BZ Discrimination Algorithms
Although the best correlation between postmortem triphenlyltetrazolium chloride pathology and scar identified on CE-CMR was achieved using the 50% MSI as the optimal cutoff value, a 60% MSI was needed to obtain the best correlation with CORE in EAMs. The smaller scar CORE areas identified in bipolar voltage maps can be reasonably explained by the effect of the far-field EGs of the surrounding healthy tissue, reducing the area where low voltage EGs are registered. This effect is proportionately higher in small and heterogeneous scars (Figure 3 ). Because CORE infarct areas represent the unexcitable tissue, when choosing the cutoff value to discriminate between CORE and BZ, a good CORE delineation is preferable to more accurately depict CC inside the scar 21 (Figure 6 ). According to the Bland-Altman analysis (Figure 4) , the scar BZ area disagreement is greater than that of the CORE area and increases with the scar size. This can suggest that the information of the BZ provided by the CMR is useful only for small areas (Ͻ30 cm 2 ). However, with only 1 case having BZ areas larger than 30 cm 2 , further studies with a larger sample size should be undertaken to confirm this finding.
Additional benefit obtained by segmenting only the subendocardial half-wall thickness from CE-CMR is probably explained by the fact that bipolar voltage only accurately reflects electrophysiological events that occur a few millimeters deep. On the other hand, the whole-wall CE-CMR segmentation might represent a complementary tool to depict deeper intramural or epicardial scar characteristics that cannot be properly assessed by voltage mapping, allowing a more comprehensive characterization of the arrhythmogenic substrate ( Figure 7 ).
Study Limitations
A limitation of the study is the small sample size. This has been a constant in previous studies defining cutoff voltage values to delimit CORE and BZ regions. 8 -10,13 Another limitation is the ever-present possibility of positional error.
A previous study 10 considered the CE-CMR-derived structures as a gold standard instead of EAM. It is difficult to know which scar characterization method should be optimized to match the other and more histology studies will be necessary to determine the potential accuracy and contribution of each method.
Cardiac imaging at 3T field strength provides higher in-plane and z-axial spatial resolution (up to 1.4 mm) but also renders a lower signal-to-noise ratio and contrast-to-noise ratio as compared to thicker 2D conventional slices. This could have affected the threshold for scar components discrimination. The optimal contrast between normal myocardium and scar tissue is affected, especially when a long acquisition time is needed. Motion artifacts remain a major limitation of free-breathing navigator sequences. Therefore, appropriate patient selection, particularly regarding the breathing pattern and absence of frequent arrhythmias, remains critical.
Conclusions
High-resolution 3D reconstruction of the LV chamber, CORE, and BZ can be obtained from currently available CE-CMR techniques and can be integrated and registered with the EAM obtained using the CARTO navigation system to guide VT ablation. The best match in defining the CORE and BZ probably is near an MSI cutoff value of 60% and appears to be improved when only the thickness of the subendocardial half of the wall is considered. Future studies are warranted to determine whether integration of CE-CMRderived data into the navigation system streamlines or facilitates the VT ablation procedure.
